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Abstract 

Background:  Alternative splicing is a key mechanism underlying cellular differentiation and a driver of complexity 
in mammalian neuronal tissues. However, understanding of which isoforms are differentially used or expressed and 
how this affects cellular differentiation remains unclear. Long read sequencing allows full-length transcript recovery 
and quantification, enabling transcript-level analysis of alternative splicing processes and how these change with cell 
state. Here, we utilise Oxford Nanopore Technologies sequencing to produce a custom annotation of a well-studied 
human neuroblastoma cell line SH-SY5Y, and to characterise isoform expression and usage across differentiation.

Results:  We identify many previously unannotated features, including a novel transcript of the voltage-gated calcium 
channel subunit gene, CACNA2D2. We show differential expression and usage of transcripts during differentiation 
identifying candidates for future research into state change regulation.

Conclusions:  Our work highlights the potential of long read sequencing to uncover previously unknown transcript 
diversity and mechanisms influencing alternative splicing.
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Introduction
The complex suite of processes that occur during tran-
scription gives rise to a staggering diversity of protein 
structures, molecular interactions and cell fates. Alterna-
tive splicing (AS) allows different transcripts to be gener-
ated from a single gene. Differential transcript expression 
(the overall abundance of a given transcript) or tran-
script usage (the abundance of a given transcript rela-
tive to that of others produced from the same gene) are 
key mechanisms for regulating cell lineage commitment 
and function [1, 2]. In vertebrates, AS is particularly 
prominent in the brain, and regulates multiple aspects of 

neurodevelopment including neurogenesis, synaptogen-
esis, cellular migration and axon guidance [3–5] in a tem-
porally precise manner [6–8]. These neurodevelopmental 
processes are defined by ordered switches in exon usage 
and expression across a spectrum of genes, controlled by 
a suite of highly specific RNA-binding proteins (RBPs) 
such as NOVA2 [9], PTBP1 and PTBP2 [10–12]. A num-
ber of more ubiquitous RBPs may also help regulate these 
neuronal AS events, though which ones and what specific 
roles they play remain poorly understood [13, 14].

Since AS can give rise to mRNAs that encode protein 
isoforms that exhibit distinct, or even opposing effects, it 
is essential to understand an individual gene’s products at 
transcript-level resolution [7, 15–17]. However, the diver-
sity of full-length transcripts remains poorly understood, 
as exemplified by the recent study of the L-type voltage 
gated calcium channel (VGCC) gene, CACNA1C [18]. 
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Furthermore, many unknowns remain as to the nature 
and regulation of changes in transcript expression during 
differentiation and development. For example, are there 
pronounced switches in primary transcript expression in 
a few key genes, or more nuanced expression differences 
across the transcriptome? Furthermore, although some 
of the molecular mechanisms that drive the observed 
‘switches’ in transcriptional profiles occurring during 
lineage commitment have been identified, many of these 
processes remain to be determined.

As well as being of importance for understanding 
normal developmental processes, AS is also of clini-
cal relevance, since aberrant transcriptional processes 
are implicated in many diseases [19]. Disease-associated 
mutations can directly affect AS by disrupting exist-
ing splice sites and/or forming novel or cryptic sites, 
as observed in the VGCC CACNA1A gene in Episodic 
Ataxia Type 2 [20]. Alternatively, AS can alter disease 
presentation, as is seen in the case of Timothy Syndrome 
where the localisation of the disease-causing mutation 
in one of two mutually exclusive exons of CACNA1C 
determines syndrome severity [21]. Global changes in 
differential isoform expression are also associated with 
psychiatric conditions [22].

Transcriptome profiling and annotation are essential 
first steps in investigating gene, isoform and exon expres-
sion or usage differences during cell differentiation. Until 
recently profiling was hampered by technological con-
straints, relying on short read sequencing technology 
[23, 24]. Whilst short read technologies provide cheap, 
accurate and high-coverage reads, with good differential 
expression analysis power [24], their ability to resolve 

and quantify full-length transcripts is inherently limited 
[25]. In this context, the advent of long read technologies 
has rapidly improved our ability to characterise the tran-
scriptome [25, 26] revealing, for example, the complexity 
of the transcriptional landscape of the mammalian brain 
[27, 28].

Here, we use long read sequencing to identify and 
quantify isoforms during a cellular state change; spe-
cifically, during the differentiation of the well-validated 
SH-SY5Y neuroblastoma line into neuron-like cells. 
SH-SY5Y cells exhibit a stable genomic structure and 
have been widely used to investigate AS mechanisms 
and cellular differentiation from a neuroblast-like state 
[29–32], into a neuronal-like state [33, 34]. We gener-
ated a custom high-coverage long read transcriptome 
annotation (using Oxford Nanopore Technology [ONT] 
cDNA sequencing) and applied differential expression 
and usage analyses to uncover transcript variation dur-
ing differentiation.

Results
ONT reads accurately detect differential isoform 
expression
Using the Oxford Nanopore GridION platform, we 
generated on average 10,691,538 QC-passed reads per 
sample (± 1,751,518.6 SD). We also generated an aver-
age of 105,349,119 lllumina read pairs per sample (± 
17,312,599.92 SD, Table  S1). We investigated the abil-
ity of the ONT data to detect Sequin spike-ins [35] of 
known concentration in a set of two different concen-
tration mixes. We found that the ONT limit of quanti-
fication (minimum transcript concentration) was 0.059 

Fig. 1  Comparison of Sequin spike-in sensitivity of detection between ONT (long read) and short read sequencing (Illumina paired-end, SRS) 
sequencing for Sequin synthetic spike-ins MixA (A) and MixB (B). Labelled sequin (red point) in each plot is at ONT limit of quantification (LOQ) in 
each mix; mix A 0.059 attomol/μl and mix B 0.27 attomol/μl. Plot C shows correlation of ONT differential isoform observed vs observed expression 
(log2 fold change + 1) of synthetic Sequin spike-ins of known concentration. Pearson correlation coefficient is displayed along with a linear 
regression trend line with standard error in pale grey
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attomol/μl for mixA and 0.27 attomol/μl for mixB 
(Fig. 1A, B). By downsampling the short read data to the 
ONT average nucleotide coverage, we show there is sim-
ilar power to detect transcripts by ONT and downsam-
pled short read, although ONT scores lower than the 
complete short read data (Table  S2). Next, we directly 
assessed the ability of the ONT reads to detect differ-
ential isoform expression. We calculated expected log2 
fold-change (logFC) from the differences in concentra-
tions between Sequins in mixA and mixB and compared 
this with observed logFC from our differential expres-
sion pipeline (see Methods). There was a strong correla-
tion between expected and observed logFC of R2 = 0.973, 
p-value = 2.2e− 16 (Fig. 1C), demonstrating that the ONT 

data can be used to detect differential expression over 
a broad range of logFC values. Quantifying normalised 
coverage of both sequencing approaches on the whole 
dataset, we show minimal 5′ or 3′ bias in the short 
reads and limited 3′ bias in the ONT read sequencing 
(Fig. 2A). We also demonstrate the ability to detect full 
length transcripts with the ONT read and consistently 
detect differential expression (Fig. 2B).

TALON custom long read annotation reveals novel features 
of the human transcriptome
The TALON custom annotation provided a total of 
3274 novel transcripts prior to validation using short 
read sequencing. We found short read support for 

Fig. 2  A Mean normalised coverage (± std. dev) across transcript normalised positions for ONT and Illumina libraries calculated with picard toolkit. 
B Custom UCSC Genome Browser visualization of the full coverage of short read RNA-Seq and a subset of long read RNA across a representative 
genome model for two samples (undifferentiated: blue, differentiated: red). Full UCSC tracks for visualisation of all sequencing reads are available as 
supplementary material
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2567 of the 3274 (78.41%) novel transcripts recovered 
from the ONT read data (Fig. 3) by stringent removal 
of transcripts that contained a novel exon lacking at 
least 15 reads depth across 75% of its length (see meth-
ods). The supported novel transcripts collectively 
include a total of 49 novel cassette exons (18 frame-
conserving) along with 928 and 1046 novel 5′ and 3′ 
splice sites respectively, with 464 instances of exons 
exhibiting both a novel 5′ and 3′ splice site. Using 
our short read sequencing data we validated 1019 
out of 1520 novel junctions. Additionally, we identi-
fied 92 novel junctions between previously annotated 
splice sites. In total 929 (36.19%) of the validated novel 
transcripts were putatively coding; either frame-con-
serving, or assumed to be coding via CPAT [36] assess-
ment, whilst 1638 (63.81%) were assumed noncoding 
due to either induction of a frameshift, a noncoding 
parent gene or via noncoding classification from CPAT 
(Fig.  3 for full breakdown). Finally, of the 2567 novel 
transcripts, 983 were found to possess novel transcrip-
tion start sites compared with known transcripts in 
the reference GTF. Intersecting these against Fantom5 
CAGEseq data [37] revealed a total of 824 peaks over-
lapping the novel start sites (± 500 bp) of 333 novel 
transcripts (see Table S6).

Using this custom annotation, we were able to quan-
tify genome-wide alternative splicing events, and 
revealed significant differences between the cell states 
in categories such as alternative transcription start and 
termination sites, and intron retention (see Table S7).

ONT differential gene expression supports neuron‑like 
characteristics of differentiated SH‑SY5Y cells
Differential gene expression analysis revealed 4239 genes 
differentially expressed (false discovery rate [FDR] < 0.05) 
between differentiation states, with 2041 and 2198 genes 
overexpressed in undifferentiated and differentiated cells, 
respectively (Table 1, Fig. 4A). The gene ontology analyses 
revealed the upregulated genes in the differentiated cells 
showed greatest overlap with those upregulated in brain 
compared with other tissue types (padj = 3.4 × 10− 41), 
whilst for those more highly expressed in undifferenti-
ated cells, there was overlap with those downregulated 
in brain (padj = 2.8 × 10− 45, second only to pancreas: 
padj = 1.8 × 10− 45). Gene ontology biological pathway 
terms showing differential expression across differen-
tiation included neurogenesis, neuron development, cell 
differentiation and regulation of nervous system develop-
ment (see supplementary data for full FUMA results).

Isoform‑level differential expression reveals novel diversity
At the isoform-level, we detected differential expression 
of 5456 transcripts (FDR q-value < 0.05) in 4416 genes 
(Table 1, Fig. 4C) across cell state. It is important to note 
that, of the 4416 genes including differentially expressed 
isoforms, 1276 were not differentially expressed at the 
gene level. Gene ontology analysis of the genes that show 
differential transcript expression (DTE) in the absence of 
differential gene expression (DGE) identified intracellu-
lar trafficking and macromolecule localisation, and post-
transcription and -translation processing mechanisms.

Long read transcriptome annotation reveals a novel 
CACNA2D2 isoform and exon
As a specific example of the power of long read 
sequencing for uncovering isoform diversity, we iden-
tified a novel transcript (TALONT000703030) of 

Fig. 3  Breakdown of novel transcripts identified using ONT long 
reads and TALON custom transcriptome annotation. Cassette exons 
are previously unannotated positions. *CPAT assessment of CDS 
coding probability (CP ≥ 0.364). **Novel junctions are previously 
unannotated junctions identified between existing exonic parts. All 
novel assessments are relative to Gencode v29 human transcriptome 
annotation

Table 1  Showing number of genes and transcripts differentially 
expressed between undifferentiated and differentiated cells, 
after multiple testing correction using ONT long read counts 
(FDR < 0.05). Bracketed numbers refer to the portion of total 
that are TALON-identified novel transcripts. U = undifferentiated 
and D = differentiated cells, with arrows displaying expression 
directionality

Metric Count

Gene level Transcript level (Talon)

Total features assessed 32,977 99,067 (1855)

Differentially Expressed 4239 5456 (197)

↑U ↓D (all > 0 log2FC) 2041 2390 (67)

↑D ↓U (all < 0 log2FC) 2198 3066 (130)
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the VGCC α2δ2 subunit gene, CACNA2D2, which is 
truncated (18,731 bp), compared to most previously 
annotated isoforms (87,831 bp - 141,442 bp, but note 
ENST00000483620 at 2927 bp, Fig. S2). This transcript 
is designated novel as it includes a novel first exon 
(chr3:50381499–50,381,529), with a potential in-frame 
start site (chr3:50381507–50,381,509) leading to an 
open reading frame. Orthogonal short read validation 
showed that this is not an artefact of ONT sequenc-
ing (Figs.  S3, S7). Evidence for the existence of the 
exon can also be found in human cortex GTEx v.8 [38] 
RNA-seq data (N = 27 samples assessed from N = 21 
individuals, Fig. S4) suggesting it is not unique to SH-
SY5Y cells. Further validation is provided by successful 
RT-PCR of the novel exon and junction in all 10 sam-
ples (Fig.  S7). Surprisingly, TALONT000703030 was 
the most highly expressed CACNA2D2 isoform in the 
undifferentiated state and was downregulated in differ-
entiated cells (Fig. 4D & isoform differential expression 

results), consistent with an overall downregulation of 
CACNA2D2 at the gene level following differentiation 
(Fig. 4B & gene differential expression results).

Differential Transcript Usage (DTU) analysis reveals splicing 
regulators relevant to SH‑SY5Y differentiation
Whilst isoform-level expression aids the identification of 
important proteins and functional changes during differ-
entiation, understanding differential transcript usage (i.e. 
the abundance of a given transcript relative to that of oth-
ers produced from the same gene) may provide further 
insights. Our DTU analysis identified 104 isoform switches 
(each affecting a single gene) considered to have putative 
functional consequences (see methods) across SH-SY5Y 
differentiation (Table S4). The implicated genes include the 
histone deacetylase gene, HDAC4, and RACGAP1, which 
encodes Rac GTPase Activating Protein 1, a protein critical 
for axon morphogenesis [39]. We also identified RNA bind-
ing motif protein 5 (RBM5), a ubiquitous splicing regulator 

Fig. 4  Panel of A gene-level differential expression (DE) smear plot, solid red lines highlighting ±1.5 logFC threshold, B gene-level DE of CACNA2D2 
during differentiation, C isoform-level DE smear plot with ±1.5 logFC threshold, D CACNA2D2 isoform expression, showing novel TALON isoform 
with highest read count. Red points on smear plots indicate significant differential expression (FDR < 0.05). Boxplots display median and IQR. Short 
and long read mapping example provided in Fig. S8
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[40], among the genes showing differential transcript usage. 
Upon differentiation, we observed a switch from a trun-
cated, non-coding RBM5 isoform ENST00000474470 to 
the full-length coding isoform ENST00000347869 during 
differentiation for this splicing factor.

Discussion
Utilising a long-read sequencing approach, we generated 
a custom high-coverage transcriptome annotation (using 
Oxford Nanopore Technology [ONT] cDNA sequenc-
ing), validated with orthogonal short read sequencing 
(Illumina paired-end short read) data. We identified 
novel transcriptomic features and performed differen-
tial expression and usage analyses to identify transcripts 
that show variation during differentiation of SH-SY5Y 
cells. Whilst the utility of long read sequencing for recov-
ering full length transcripts is widely accepted, there 
remains uncertainty as to the sensitivity of this technol-
ogy for differential expression analysis. It is therefore 
important to assess the performance of long read vs 
short read sequencing in both transcript quantification 
and its application to differential expression studies [28]. 
Collectively, our results indicate that our ONT data are 
sufficiently sensitive and powered to detect all but the 
lowest concentration transcripts and, further, that the 
ONT reads are suitable for differential isoform expres-
sion and usage analysis (Figs. 1 and 2). These results add 
to the growing literature highlighting the importance of 
assessing suitability of long read sequencing for differen-
tial expression. Further, we support and encourage the 
use of synthetic spike-in controls to accurately determine 
experimental sensitivity.

Utilising the long read data, we were able to uncover 
thousands of novel transcripts, supported by our orthog-
onal short-read sequencing. Our stringent filtering cri-
teria and validation likely results in an underestimate of 
the true quantity of novel features present. A recent study 
utilising long read sequencing to identify transcriptome 
variation across different human tissues proposed nearly 
100,000 novel transcripts [41]. This work employed a 
different analytical approach to different data and is not 
directly comparable, but it clearly demonstrates that our 
findings are well within a realistic and conservative scale. 
Our long read sequencing approach still identifies > 2500 
novel transcripts, nearly a thousand of which are puta-
tively coding. Further, we uncover evidence of Fantom5 
CAGE peak support for 333 of 983 novel transcripts 
that possess putative novel start sites. There are several 
potential explanations for not finding peaks overlapping 
the other 650 such as the transcript expression level, 
sequencing depth and tissue specificity. Despite these 
limitations, we still find further external validation of a 
significant proportion of the novel transcripts detected. 

We additionally find some significant differences in AS 
events between the cell states such intron retention or 
alternative transcription termination sites (Table  S7), 
but in all cases the effect sizes are small and inference 
of general patterns is not appropriate. Moreover, it sug-
gests many, diverse changes as opposed to any particu-
lar AS mechanism(s) playing a dominant role. This work 
implicates a need for future functional assessment on an 
individual gene basis. Collectively, our data highlight the 
extent of previously undescribed transcriptome diver-
sity, even within a highly specialised (and well-studied) 
cell model. Our work concurs with the growing body of 
other studies using long reads for transcriptome assess-
ment [28, 42, 43]; that relying on short reads substantially 
underestimates transcriptome diversity.

The differential expression analyses provided insight 
into the differentiation process identifying thousands 
of both genes and isoforms involved. Previous stud-
ies have investigated differential gene expression during 
differentiation of SH-SY5Y cells, but often in relation to 
transfected [34] or treated lines [44] and largely limited 
to gene-level inferences, finding hundreds of genes differ-
entially expressed with microarrays or short-read cDNA. 
With our long read coverage and good sample size we are 
able to achieve a high resolution view of the differentia-
tion process (see supplementary materials for full differ-
ential expression results). A key finding of our analyses is 
that many isoform-level differential expression events are 
undetectable at gene-level. Analysing expression at the 
transcript level therefore provides a more accurate over-
view of transcriptional dynamics. Our findings highlight 
the importance of post-transcriptional mechanisms in 
cellular differentiation and development and emphasise 
the importance of understanding changes at the tran-
script level, as key processes may be obscured at the gene 
level.

The discovery of a novel CACNA2D2 exon and tran-
script is of particular interest given the vital role VGCCs 
play in neuronal function. The CACNA2D2 encoding 
subunit is vital to normal channel trafficking and has 
complex regulatory effects on VGCC currents [45, 46]. 
Mutations in CACNA2D2 have long been studied for 
links with epileptic and cerebellar ataxic phenotypes 
[47, 48], and previously described truncated proteins of 
CACNA2D2 resulting from mutations exhibit abnormal 
function [49]. We present multiple sources of evidence 
for the novel exon; from our sequencing approaches, RT-
PCR validation and from publicly available data, which 
suggest the features are neither a sequencing artefact nor 
SH-SY5Y specific. It remains to be determined whether 
the novel isoform presented here is functional and, if 
so, how the function differs from annotated isoforms. A 
CPAT [36] analysis reveals it to be potentially coding and 
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initial Phyre2 [50] predictions suggest it would result in 
a cleaved protein structure (Fig.  S5). Alternative splic-
ing of other VGCC subunits is a key means of generat-
ing functionally distinct channels [51]. However, the 
novel isoform lacks the signal peptide (SignalP 5.0, 
[52]) required for membrane insertion, and therefore is 
unlikely to encode a functional VGCC α2δ subunit [53]. 
Given that this transcript is downregulated as cells differ-
entiate into neuron-like cells, it is possible that the switch 
from a non-functional to a functional ɑ2δ subunit repre-
sents a means of regulating VGCC signalling, potentially 
preventing its inadvertent activation in undifferentiated 
cells.

Conclusions
Together, our findings demonstrate the power of long 
read sequencing for the characterisation and quantifica-
tion of genes at the isoform level. We demonstrate that 
current annotations remain far from complete, even in 
the well-studied SH-SY5Y cell line. We show the utility of 
this model system and our technical approach for study-
ing fundamental molecular processes underlying changes 
in cell state. Finally, our findings provide evidence of 
novel features in a key channel protein CACNA2D2 and 
identify candidates with differential usage profiles that 
may be useful avenues for future functional studies, to 
further understand the molecular mechanisms coordi-
nating these changes in cell state.

Materials and methods
Sampling and sequencing
Cell culture and neuronal differentiation
A total of 10 technical replicates of human neuroblas-
toma SH-SY5Y cells were cultured in neurobasal media 
(Gibco 21,103–049) supplemented with B-27 Plus (Ther-
moFisher). Retinoic acid (SigmaAldrich) was added 
to five replicates to a final concentration of 10 mM, to 
induce cell differentiation to a neuron-like state; whilst 
five replicates were cultured to confluence in standard 
media. Cells were washed with phosphate buffered saline 
and harvested in QIAzol (Qiagen) to preserve RNA, 
before being stored at − 80 °C until RNA extraction.

RNA extraction and spike‑in control
Total RNA was purified from the 10 replicate cell cul-
tures using a Direct-zol RNA Miniprep Plus kit (Zymo 
Research), according to the manufacturer’s instructions. 
Internal controls were employed to assess long read 
sequencing sensitivity to transcript detection and dif-
ferential expression. Sequin synthetic spike-ins [35] are 
designed in a range of sizes and utilised in two separate 
mixes (MixA v.2 & MixB v.1) of known, contrasting con-
centrations (see data repository for details). These were 

spiked into the 10 replicates in an alternating fashion, so 
that MixA and MixB were represented in both cell states 
to enable internal control. The Sequins were spiked in at 
1% of the total RNA input amount (https://​www.​sequi​
nstan​dards.​com/). These were added to the native RNA 
prior to reverse transcription, as per manufacturer’s 
instructions.

cDNA long read sequencing (ONT)
Two hundred nanogram total RNA per sample was pro-
cessed using the cDNA-PCR Sequencing Kit (Oxford 
Nanopore Technologies, SQK-PCS109). The first-strand 
reaction was prepared according to the ONT cDNA-
PCR Sequencing protocol provided by the manufactur-
ers (SQK-PCS109, https://​commu​nity.​nanop​orete​ch.​
com/​proto​cols/​cdna-​pcr-​seque​ncing_​sqk-​pcs109/​v/​
PCS_​9085_​v109_​revJ_​14Aug​2019?​devic​es=​gridi​on). 
Post first-strand, the reaction was snap cooled and then 
incubated to 42 °C while 8 μl of second-strand switching 
primer (SSP) master mix was added (prepared accord-
ing to the protocol). This was mixed and incubated at 
42 °C for 2 min. One microlitre of Maxima H reverse 
transcriptase was then added to the second-strand reac-
tion, maintained at 42 °C. The whole second-strand reac-
tion was then mixed and incubated at 42 °C for 90 min. 
The reaction was then inactivated at 85 °C for 5 min and 
held at 4 °C until ready to proceed to PCR. After reverse 
transcription, the reaction was split into four aliquots in 
preparation for four replicate PCR tubes to generate suf-
ficient products while minimising the risk of over-ampli-
fication. The reagents for PCR were prepared according 
to the cDNA-PCR Sequencing (SQK-PCS109) protocol 
and incubated under the following conditions; initial 
denaturation at 95 °C for 30 s followed by 15 cycles of: 
denaturation at 95 °C for 15 s, annealing at 62 °C for 15 s, 
extension at 65 °C for 5 mins; with a final extension of 
65 °C for 6 mins and hold at 4 °C. Post-PCR each PCR 
aliquot was exonuclease I (NEB) treated. Aliquots were 
then pooled per sample and bead concentrated (Beck-
man Coulter, AMPure XP, A63880) prior to sequencing. 
The cDNA was quantified using High Sensitivity Qubit 
assays (ThermoFisher, Q32854) and sized using the 2100 
Bioanalyzer instrument (Agilent Technologies, cat. no. 
G2939BA) High Sensitivity DNA assay (Agilent, 5067–
4626). Two hundred fifty nanogram cDNA per sample 
was prepared for rapid adapter ligation (approximately 
190 fmol per sample).

MinION flowcells underwent QC prior to library con-
struction. The PCR cDNA libraries were prepared for 
sequencing and the respective MinION flowcells were 
primed following the cDNA-PCR Sequencing (SQK-
PCS109) protocol using the PromethION flow cell prim-
ing kit (Oxford Nanopore Technologies, EXP-FLP001.

https://www.sequinstandards.com/
https://www.sequinstandards.com/
https://community.nanoporetech.com/protocols/cdna-pcr-sequencing_sqk-pcs109/v/PCS_9085_v109_revJ_14Aug2019?devices=gridion
https://community.nanoporetech.com/protocols/cdna-pcr-sequencing_sqk-pcs109/v/PCS_9085_v109_revJ_14Aug2019?devices=gridion
https://community.nanoporetech.com/protocols/cdna-pcr-sequencing_sqk-pcs109/v/PCS_9085_v109_revJ_14Aug2019?devices=gridion
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PRO.6). Five PCR-cDNA libraries were sequenced in 
parallel per run of the GridION instrument with Grid-
ION software v.18.12.4 (Oxford Nanopore Technolo-
gies), using one Flowcell per library. Basecalling for all 
PCR-cDNA libraries was completed in real-time using 
MinKNOW on the GridION and maximum data acquisi-
tion time of 48 h was conducted for all 10 flowcells. ONT 
fast5 files were first converted to fastq using guppy v.3.2.2 
(https://​commu​nity.​nanop​orete​ch.​com) before QC using 
MultiQC [54].

cDNA short read sequencing
Illumina library preparation and sequencing were carried 
out by the Genomics Pipelines team at Earlham Institute. 
One microgram of total RNA per sample was processed 
using the NEBNext Ultra II Directional RNA library prep 
kit from NEB (E7760L) utilising the NEBNext Poly(A) 
mRNA Magnetic Isolation Module (E7490L) with NEB-
Next Multiplex Oligos for Illumina® (96 Unique Dual 
Index Primer Pairs, E6440S) at a concentration of 10 μM. 
The RNA was purified to extract mRNA with a Poly(A) 
mRNA Magnetic Isolation Module. Isolated mRNA was 
then fragmented and cDNA was synthesised for the first 
strand. The second strand synthesis process removes 
the RNA template and synthesises a replacement strand 
to generate ds cDNA. Directionality is retained by add-
ing dUTP during the second strand synthesis step and 
subsequent cleavage of the uridine-containing strand 
using USER Enzyme (a combination of UDG and Endo 
VIII). NEBNext Adaptors were ligated to end-repaired, 
dA-tailed DNA. The ligated products were subjected 
to a bead-based purification using Beckman Coul-
ter AMPure XP beads (A63880). Adaptor ligated DNA 
was then enriched by receiving 10 cycles of PCR; 30 s at 
98 °C, 10 cycles of: 10 s at 98 °C, 75 s at 65 °C, 5 mins at 
65 °C, final hold at 4 °C. Barcodes were incorporated dur-
ing the PCR step. The resulting libraries underwent QC 
using PerkinElmer GX and a High Sensitivity DNA chip 
(5067–4626), the concentration was determined with a 
High Sensitivity Qubit assay (Q32854) or plate reader. 
The final libraries were pooled, a qPCR was performed 
using a KAPA Illumina ABI library quantification kit 
(Roche Diagnostics, 7,960,204,001) on a StepOne q-PCR 
machine (ThermoFisher), and then these were prepared 
for sequencing.

The library pool was diluted to 0.65 nM with 10 mM 
Tris (pH 8.0) in a volume of 18 μl before spiking in 1% 
Illumina PhiX Control v.3. This was denatured by add-
ing 4 μl 0.2 N NaOH and incubating at room tempera-
ture for 8 mins, after which it was neutralised by adding 
5 μl 400 mM Tris (pH 8.0). A master mix of EPX1, EPX2, 
and EPX3 from Illumina’s Xp 2-lane kit was made 
and 63 μl added to the denatured pool leaving 90 μl 

at a concentration of 130 pM. This was loaded onto a 
NovaSeq S1 flow cell using the NovaSeq Xp Flow Cell 
Dock. The flow cell was then loaded onto the NovaSeq 
6000 along with a NovaSeq 6000 S1 cluster cartridge, 
buffer cartridge, and 200 cycle SBS cartridge. The 
NovaSeq had NVCS v.1.6.0 and RTA v.3.4.4 and was set 
up to sequence 100 bp PE reads. The data were demul-
tiplexed and converted to fastq using bcl2fastq2 v.2.20 
(Illumina). Illumina data underwent QC with MultiQC 
v.1.5 [54] and adaptors were removed with trim galore 
v.0.5.0 [55] with default parameters. The 5′ and 3′ bias 
of both sequencing approaches were checked and com-
pared by mapping normalised coverage and transcript 
normalised position for the whole dataset (10 samples 
per sequencing technology) using picard toolkit [56].

Custom transcriptome annotation and validation
The cDNA ONT reads were aligned to the human 
genome (hg38, modified to include an artificial chro-
mosome containing the sequins spike-ins as contiguous 
transcripts) using minimap2 v.2.17 [57] in sam MD-tag 
aware mode. Only primary alignments were retained. We 
then employed TALON v.5.0 [58], a technology-agnostic 
pipeline that leverages long reads to build a custom tran-
scriptome annotation. By exploiting the ability of long 
reads to detect full-length transcripts, TALON identifies 
novel features through comparison to an existing refer-
ence annotation. First, the sam files were passed to Tran-
scriptClean v.2.0.2 [59] for correction of read microindels 
(< 5 bp) and mismatches, though any non-canonical 
splice junctions were retained for downstream analyses, 
as novel features can often be found with non-canon-
ical junctions [60]. The reads were checked for internal 
priming artifacts, a known issue with oligo-dT poly(A) 
selection methods [61], using a T-window size of 20 bp 
(equivalent to the primer T sequence) and removed. 
Read annotation was performed with TALON, using 
the human Gencode v.29 reference annotation gtf with 
minimum alignment identity = 0.9 and coverage = 0.8. 
All 10 cDNA ONT replicates were utilised to maximise 
recovery of novel features. Identified transcripts were 
subsequently filtered using a minimum count thresh-
old of N = 5 reads in K = 3 samples. As we expect to find 
lowly expressed isoforms in both biological conditions 
(N = 5 replicates per condition), K = 3 was selected to 
balance sensitivity with accuracy. An updated annota-
tion was produced using this filtered set of transcripts. 
The TALON custom gtf contains only features detected 
with reads present in the dataset, so a complete custom 
transcriptome annotation was compiled by merging the 
reference and TALON gtfs.

We then employed a series of quality control and 
validation steps. Novel antisense transcripts perfectly 

https://community.nanoporetech.com
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matching existing gene models were removed. Novel fea-
tures were then validated by assessing short read exon 
coverage with bedtools v.2.28.0 [62] using the orthogo-
nal cDNA short read data genome-aligned with HISAT 
v.2.0.5 [63] and a minimum threshold of 15 reads depth 
over at least 75% of exon length. Any entries containing 
novel exons that failed this validation were removed from 
the gtf. The resulting validated annotation file is herein 
referred to as the TALON gtf (Fig.  S1 for full pipeline). 
Novel features were explored utilising a series of custom 
scripts to assess frameshifting and coding potential with 
CPAT v.2.0 [36] and publicly available data within the 
UCSC browser and associated databases [64]. The subset 
of novel transcripts containing putative novel transcrip-
tion start sites were identified by comparison with known 
start sites in the GTF and further validated by assessing 
overlap with Fantom5 CAGE peak data [37]. A window 
between the putative novel start site and 500 bp upstream 
was calculated for each transcript, converted from hg38 
to hg19 using UCSC liftover (http://​genome.​ucsc.​edu/​
cgi-​bin/​hgLif​tOver) [64] and intersected against the hg19 
phase1 & 2 combined coordinated peak data (https://​fan-
tom.​gsc.​riken.​jp/5/​dataf​iles/​latest/​extra/​CAGE_​peaks/​
hg19.​cage_​peak_​phase​1and2​combi​ned_​coord.​bed.​gz) 
using bedtools.

The CACNA2D2 novel exon was validated by RT-PCR 
reaction targeting the novel exon, novel junction and pre-
viously-described exonic fragment (see supplementary 
materials for details). Additional validation was obtained 
by assessing orthogonal short read coverage of all 10 
samples using bedtools coverage and thirdly by inves-
tigation of human cortex RNA-seq data by accessing 27 
accessions from 21 individuals in the publicly available 
GTEx database in the same manner.

Differential expression analyses
Sequin spike‑in detection & ONT DE sensitivity
Sensitivity in detecting isoform DE using ONT was 
assessed by a) finding the threshold of detection for each 
Sequin mix, b) comparing observed vs expected logFC 
and c) comparing with short read data. Read TPM (tran-
scripts per million) was calculated with Salmon v.0.13.1 
[65] and analysed with Anaquin v.2.8.0 [66]. Anaquin 
finds the limit of quantification (LOQ) concentration 
for each Sequin mix by fitting linear regression on the 
entire dataset, minimising the total sum of squares of 
differences between variables [66]. This was also per-
formed for both the full short read data and a version 
downsampled to equivalent ONT average nucleotide 
coverage using bedtools. Differential expression analy-
ses were performed with edgeR v.3.30.3 [67] in R v.4.0.2 
[68]. Counts (numReads) were generated from unaligned 
reads at transcript-level using Salmon in mapping-based 

mode for the Sequins in each replicate. We then utilised a 
standard differential expression pipeline (detailed below). 
The differential expression regression model was speci-
fied by splitting the data into Sequin MixA and MixB 
accordingly. Expected log-fold change (logFC) was calcu-
lated as log2(MixB/MixA-1) + 1 for each Sequin spike-in, 
for direct comparison with the observed logFC calculated 
with edgeR.

Gene and transcript‑level differential expression
Differential expression analyses were carried out at both 
transcript (DTE) and gene (DGE) level. ONT reads were 
mapped to the TALON transcriptome using minimap2 
and quantified with Salmon in alignment-based mode 
and using 100 bootstrap replicates. Any novel transcripts 
from the Talon custom annotation that were not located 
on assembled chromosomes were removed to reduce 
any impact from counting errors associated with scaf-
fold-only/duplicated transcripts. Transcript-level counts 
were then obtained by importing Salmon results with 
the edgeR function catchSalmon(), using the bootstrap 
replicates to calculate and apply an overdispersion cor-
rection for each count. As ONT reads achieve relatively 
low coverage compared with short reads, any transcripts 
unexpressed/undetected across all the 10 samples were 
removed from the data but all other counts were retained. 
Gene-level counts were generated by subsequently 
removing these unexpressed/undetected transcripts from 
the Salmon quantification (quant.sf ) files and importing 
these pre-filtered data directly to edgeR with tximport 
v.1.16.1 [69] and an isoform-to-gene conversion matrix 
built from the TALON gtf. We then utilised a standard 
differential expression pipeline in edgeR for both DTE 
and DGE. The data were TMM-normalised and the bio-
logical coefficient of variation (BCV) and multidimen-
sional scaling (MDS) were both manually assessed for 
outliers and confounding variation in the dataset. In each 
analysis, a model matrix was specified and applied to a 
glm, with false discovery rate (Benjamini-Hochberg FDR) 
correction for multiple testing of the results. Both DTE 
and DGE results were also filtered at a threshold of ±1.5 
logFC (log2 fold change) and FDR < 0.05, to obtain the 
most differentially expressed subset of features in each 
case for downstream analyses.

Differential usage analyses
Differential transcript usage (DTU) was assessed using 
the R package IsoformSwitchAnalyzeR v.1.11.3 [70] on 
the same transcript quantification input used for DTE 
and DGE. TPM abundances were imported using the 
scaledTPM function in tximport and imported into Iso-
formSwitchAnalyzeR. The DTU analysis was run in two 
parts; first non-expressed isoforms were removed, and 

http://genome.ucsc.edu/cgi-bin/hgLiftOver
http://genome.ucsc.edu/cgi-bin/hgLiftOver
https://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/hg19.cage_peak_phase1and2combined_coord.bed.gz
https://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/hg19.cage_peak_phase1and2combined_coord.bed.gz
https://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/hg19.cage_peak_phase1and2combined_coord.bed.gz
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switches calculated for each gene using DEXseq [71] and 
nucleotide and peptide outputs for each gene were cre-
ated for protein assessment. Transcripts were assessed 
for coding potential with CPAT [36], protein domain 
assignment with PFam [72], signal peptide predic-
tion with SignalP v.5.0 [52] and intrinsically disordered 
regions and binding regions with IUPred2A [73], using 
default parameters according to the IsoformSwitchAna-
lyzeR workflow. The second part of the IsoformSwitch-
AnalyzeR DTU analysis then leveraged these data to 
identify isoforms switches with potential functional con-
sequences and provide visualisation using default func-
tions. IsoformSwitchAnalyzeR was also used to provide 
a genome-wide overview of the number alternative splic-
ing events (alternative donor and acceptor sites, intron 
retention, alternative first and last exons, mutually exclu-
sive exons and exon skipping) skipping during the differ-
entiation process.

Ontology and functional association
To interpret the differentially expressed or used gene 
sets, we assessed gene ontology and known associations 
with neurologically relevant biology. We used the GEN-
E2FUNC function in FUMA (functional mapping and 
annotation, https://​fuma.​ctglab.​nl/) [74] to annotate the 
gene sets within a biological context. For transcripts, 
the corresponding Ensembl gene ID was used. In each 
case, the default thresholds of significance and ontology 
enrichment were applied. Analyses focused on tissue 
specificity analyses in GTEx v.8 30 tissue types and Gene 
Ontogeny (GO) Biological Processes.

Abbreviations
AS: Alternative splicing; DE: Differential expression; DGE: Differential gene 
expression; DTE: Differential transcript expression; DTU: Differential transcript 
usage; FDR: False discovery rate; logFC: Log2 fold-change; ONT: Oxford Nano-
pore Technologies; RBPs: RNA-binding proteins; VGCC​: Voltage gated calcium 
channel.
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Additional file 1: Figure S1. Schematic representation of the custom 
annotation pipeline, utilising TALON software (Wyman et al. 2020) with 
custom bash, python and perl auxiliary and processing scripts (collated 
in clean_TALON_output.pl, see script repository). Fig. S2. Schematic 
representation of CACNA2D2 (ENSG00000007402) transcripts, showing 
the novel transcript TALONT000703030. Figure modified from Isoform-
SwitchAnalyzeR output (Vitting-Seerup and Sandelin 2019). Fig. S3. Short 
read (Illumina paired-end) coverage plot of novel first exon (31 bp) of 
CACNA2D2 (ENSG00000007402) transcript TALONT000703030 from all 10 
sequencing runs (see Table S1). Fig. S4. Coverage plot of novel first exon 
(31 bp) of CACNA2D2 (ENSG00000007402) transcript TALONT000703030 
from N = 27 human cortex RNA-seq GTEx accessions from N = 21 individu-
als: SRR1310008, SRR1311400, SRR1311575, SRR1315866, SRR1316815, 

SRR1317344, SRR1320963, SRR1323043, SRR1326179, SRR1331579, 
SRR1333930, SRR1337564, SRR1339651, SRR1343481, SRR1353176, 
SRR1354446, SRR1364676, SRR1368772, SRR1382732, SRR1383059, 
SRR1387809, SRR1418837, SRR1418992, SRR1433971, SRR1435293, 
SRR1444580, SRR1468514. Fig. S5. Comparison of an example annotated 
coding transcript (ENST00000479441) of CACNA2D2 (ENSG00000007402) 
with the novel transcript TALONT000703030, demonstrating key differ-
ences and initial 3D structure rendered using Phyre2 (Kelley et al. 2015). 
Fig. S6. Schematic representation of primer placement for RT-PCR 
validation of the novel CACNA2D2 exon and transcript (TALON000703030) 
relative to two representative examples of previously known transcripts. 
Note, the same reverse primer is used for each forward. See Table S5 for 
primer details. Fig. S7. Gel electrophoresis image of the CACNA2D2 RT-PCR 
validation. Each primer set is labelled corresponding to Table S5 and Fig 
S6, along with the negative and positive controls. Fig. S8. Custom UCSC 
Genome Browser visualization of the full coverage of short read (pink) 
and long read RNA-Seq (blue) across the CACNA2D2 genome model for 
a single sample (differentiated cells; sample D2). Read peaks supporting 
the novel exon shown on far right of tracks. Table S1. Summary statistics 
of the Oxford Nanopore Technologies (ONT) after quality checking and 
Illumina paired-end short read sequencing (SRS) of 10 replicate samples of 
human neuronal cell line SH-SY5Y. D = differentiated cell and U = undif-
ferentiated cell samples. Table S2. Comparison of limit of quantification 
(LOQ) of Oxford Nanopore Technologies (ONT) sequencing, Illumina 
short read sequencing (SRS) and Illumina reads downsampled to average 
nucleotide coverage of ONT reads. LOQ calculated by Anaquin (Wong 
et al. 2017). Table S3. Differential gene and transcript expression at a 
stringent filter of logFC ⋛ 1.5, FDR q-value < 0.05 (see also Fig. 3A and C). 
Bracketed numbers refer to the portion of total that are TALON-identified 
novel transcripts. U = undifferentiated and D = differentiated cells, with 
arrows displaying expression directionality. Table S4. N = 104 Differential 
transcript usage switches with functional consequence ranked by q-value. 
Output from IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2019). 
Vitting-Seerup et al define the gene dIF values as the total change within 
the gene calculated as sum (abs(dIF)) of the transcripts. Table S5. CAC-
NA2D2 RT-PCR validation primers designed with Primer-BLAST (Ye et al. 
2012). All primer sets used the same reverse primer. SC = self-complemen-
tarity and S3’C = Self 3′ complementarity. Table S6. List of N = 333 novel 
transcripts possessing putatively novel transcription start sites and which 
display CAGEseq peak overlap (± 500 bp). Chromosome, overlap interval 
start and end and novel TALON transcript ID are provided. Table S7. Over-
view of genome-wide alternative splicing events between cell states dur-
ing differentiation of SHSY5Y cells. IF = Isoform Fraction. 1 = differentiated, 
2 = undifferentiated. Each row is a comparison between differentiated 
vs undifferentiated cells. A5 & A3 = alternative donor and acceptor sites, 
IR = intron retention, ATSS = alternative first exon, ATTS = alternative last 
exon, MEE = mutually exclusive exon, ES = exon skipping, MES = multiple 
exon skipping. Produced with IsoformSwitchAnalyzeR.
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